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Based on the four-level double-∆ model composed of two degenerated (left- and right-handed)
chiral ground states and two achiral excited states, we propose a purely coherent-operation method
for enantioconversion of chiral mixtures. By choosing appropriate parameters, the original four-level
model will be simplified to two effective two-level sub-systems with each of them involving one chiral
ground state. Then, with the help of well-designed coherent operations, the initial unwanted and
wanted chiral ground states are converted, respectively, to the wanted chiral ground state and an
auxiliary chiral excited state with the wanted chirality, i.e., achieving the enantioconversion of chiral
mixtures. Comparing with the original works of enantioconversion based on the four-level double-∆
model with the requirement of the time-consuming relaxation step and repeated operations, our
method can be three orders of magnitude faster since we use only purely coherent operations. Thus,
our method offers a promising candidate for fast enantioconversion of chiral molecules with short
enantiomeric lifetime or in the experimental conditions where the operation time is limited.
I. INTRODUCTION
Molecular chirality is extremely important since
the vast majority of chemical [1], biological [2–
4], and pharmaceutical [5–8] processes are chirality-
dependent. Enantiodiscrimination, enantioseparation,
enantio-specific state-transfer, and enantioconversion of
chiral mixtures are intensively studied not only in phys-
ical chemistry [9–15] but also in atomic, molecular, and
optical physics [16–59]. Well-established optical meth-
ods [16–18], such as circular dichroism, vibrational circu-
lar dichroism, and Raman optical activity, were used for
determination of enantiomeric excess in chiral mixtures
(enantiodiscrimination). Based on the three-level ∆-type
(also called cyclic three-level) models, theoretical meth-
ods for enantiodiscrimination [24, 43], enantio-specific
state-transfer [19, 21, 23, 38, 44, 45], and enantiosep-
aration [20, 22] were proposed. Very recently, break-
through experiments devoted to realizing enantiodiscrim-
ination [46–52] and enantio-specific state-transfer [53, 54]
have been achieved based on the three-level ∆-type mod-
els.
Over years, laser-assisted enantioconversion [55–59]
has also been investigated theoretically. It is devoted to
converting chiral mixtures to enantiopure samples with
the help of coherent operations. The unwanted enan-
tiomer, which may be inefficient [6] or even cause seri-
ous side effects [7, 8] in pharmacology, is converted to
the wanted enantiomer. Such a promising feature makes
the laser-assisted enantioconversion to be a more ambi-
tious issue related to chiral molecules. Previously, the
four-level double-∆ model of chiral molecules [56–59] has
been introduced to this issue. Two achiral excited states
and each of two degenerated chiral ground states are
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coupled by three electromagnetic fields in a form of ∆-
type transitions. The sign of the product of coupling
strengths in each ∆-type transition changes with the chi-
rality of the corresponding chiral ground state. This fact
can evoke a chirality-dependent excitation [57], i.e., the
molecules initially in the two degenerated chiral ground
states are excited differently. Moreover, the four-level
double-∆ model offers the possibility of converting one
chiral ground state to another, which is prohibited in the
three-level ∆-type models with two chiral ground states
evolving in separated Hilbert spaces [19].
Based on these features of four-level double-∆ model,
the laser-distillation method [56–59] was theoretically
proposed for the laser-assisted enantioconversion by re-
peating a pair of chirality-dependent excitation and
chirality-independent relaxation. It takes about a mil-
lisecond for the two achiral excited states relaxing back
to the chiral ground states [59]. The requirement
of repeated operations will make the laser-distillation
method [56–59] even more time-consuming. As a re-
sult, the laser-distillation method [56–59] is unavail-
able for chiral molecules with short enantiomeric life-
time due to the tunneling between two degenerated chiral
states [60, 61] or in the experimental conditions with lim-
ited operation time [62].
In this paper, we theoretically propose a novel method
using three purely coherent operations to circumvent this
problem. Since we do not need the time-consuming re-
laxation step, our purely coherent-operation method can
be much faster than the laser-distillation method [56–
59]. In our method, by well designing the three electro-
magnetic fields, the original four-level double-∆ model
is simplified to two effective two-level sub-systems with
each of them including one chiral ground state and one
of two mutual orthogonal superposition states of the two
achiral excited states. The dynamics of the two chiral
ground states are subjected to the same effective cou-
pling strengths but different effective detunings in their
2own two-dimensional subspaces. These properties play
center roles in our purely coherent-operation method for
enantioconversion.
II. SIMPLIFICATION OF FOUR-LEVEL
DOUBLE-∆ MODEL
The considered four-level double-∆ model of chiral
molecules [56–59] is shown Fig. 1(a). The energies of
the four states are ~ωA > ~ωS > ~ωR = ~ωL = 0. Here,
we have assumed the two chiral ground states are degen-
erate (ωR = ωL) by neglecting parity violating energy
differences due to the fundamental weak force. All the
four states are chosen as ro-vibrational states correspond-
ing to the ground electronic state. With this, disruptive
competing processes in the original model [56–59] due to
the requirement of the excited electronic state, such as
dissociation and internal conversion [56], can be avoided.
For a chiral molecule, the energy potential surface of
the ground electronic state for the vibrational degrees
of freedom corresponding to its chirality is of double-
well type. The vibrational sub-levels of the two degen-
erated chiral states |L〉 and |R〉 are located in two bot-
toms of the double-well energy potential surface, respec-
tively. The vibrational sub-levels of the pair of achi-
ral states (symmetric one |S〉 and asymmetric one |A〉)
with a distinguishable vibrational energy difference (e.g.
> 2pi×10GHz [66]) are near or beyond the barrier of the
double-well energy potential surface.
Three electromagnetic fields with frequencies ω2, ω0,
and ω1 are applied to couple the four states in the form
of double ∆-type electric-dipole transitions |Q〉 ↔ |A〉 ↔
|S〉 ↔ |Q〉 with Q = L,R. The rotational sub-levels
of the four states as well as the polarizations, intensi-
ties, and frequencies of the three electromagnetic fields
are well chosen so that the effect of the (electric-dipole)
selection-rule allowed transitions out of the four-level
double-∆ model is negligible following Refs. [31, 42].
Specifically, we can choose the rotational sub-levels of
|L〉, |R〉, |A〉, and |S〉 to be |JkakcM = 0000〉, |0000〉, |1010〉,
and (|1101〉 + |110−1〉)/
√
2 with the |JkakcM〉 being the
eigenstates of asymmetry top [31, 42]. In Fig. 1 (a), the
polarizations of the electromagnetic fields are denoted by
the colors of the arrowed lines (red, Z-polarized), (blue,
Y-polarized), and (black, X-polarized). In our treatment,
for simplicity, we have assumed that [56–59] the cou-
pling among vibrational, rotational, and electronic states
under field-free conditions and tunneling between enan-
tiomers can be neglected. We also have assumed that [56–
59] the molecules are in the adiabatic electronic ground
state throughout.
We are interested in reducing the original four-level
double-∆ model to the simplified four-level model com-
posed of two separated two-level sub-systems as shown
in Figs. 1(b) or 1(c) by selecting appropriate parame-
ters of the electromagnetic fields. The frequencies of the
three electromagnetic fields should be chosen following
（b）
（c）
（a）
Figure 1. (a) The schematic of four-level double-∆ model of
chiral molecules. The chiral ground state |Q〉 (Q = L,R),
the asymmetric achiral excited state |A〉, and the symmet-
ric achiral excited state |S〉 are coupled in ∆-type transi-
tions |Q〉 ↔ |A〉 ↔ |S〉 ↔ |Q〉 by three electromagnetic
fields with frequencies ω2, ω0, and ω1, respectively. Here
Ωjk (j, k = L,R,A,S) are the corresponding (real) coupling
strengths and satisfy ΩLS = ΩRS > 0, ΩLA = −ΩRA > 0 and
ΩSA > 0; φ is the overall phase of the coupling strengths in
the ∆-type transitions related to the left-handed chiral ground
state |L〉. By assuming the three-photon condition of the ∆-
type transitions, the one-photon resonance condition of the
transition |A〉 ↔ |S〉 (that means ∆A = ∆S ≡ ∆ with ∆A
and ∆S being the detunings corresponding to the transitions
|Q〉 ↔ |A〉 and |Q〉 ↔ |S〉), and ΩLS = ΩLA ≡ Ω, the orig-
inal model in (a) can be simplified to two effective two-level
sub-systems when the overall phase of the coupling strengths
in the ∆-type transitions is well adjusted as (b) φ = 0 or (c)
φ = pi.
the three-photon resonance condition and the one-photon
resonance condition of the transition |S〉 ↔ |A〉 as
ω2 = ω1 + ω0, ω0 = ωA − ωS. (1)
Under condition (1), the detunings ∆S ≡ ωS − ω1 and
∆A ≡ ωA − ω2 correspond to the transitions |Q〉 ↔ |S〉
and |Q〉 ↔ |A〉 are the same (∆A = ∆S ≡ ∆). Un-
der the rotating-wave approximation, the system can be
described by the following Hamiltonian in the interac-
tion picture with respect to Hˆ0 = ω2|A〉〈A| + ω1|S〉〈S|
as (~ = 1)
Hˆ =∆(|A〉〈A| + |S〉〈S|) + (ΩSA|S〉〈A|+H.c.)
+
∑
Q=L,R
(ΩQAe
iφ|Q〉〈A|+ΩQS |Q〉〈S|+H.c.). (2)
The symmetry breaking related to molecular chirality is
reflected in the coupling strengths [56–59] with ΩLS =
ΩRS and ΩLA = −ΩRA. Without loss of generality, we
assume ΩLA, ΩLS, and ΩSA are positive. Here φ is the
overall phase of the ∆-type transitions |L〉 ↔ |A〉 ↔
|S〉 ↔ |L〉. It can be determined by modifying the phases
of the three electromagnetic fields.
3Moreover, the intensities of the three electromagnetic
fields should be adjusted so that the coupling strengths
of the transitions satisfy
ΩLS = ΩLA ≡ Ω > 0. (3)
When the overall phase is tuned to be φ = 0, the dynam-
ics of the two chiral ground states are described by the
two-level sub-systems with Hamiltonian
HˆL =(
√
2Ω|L〉〈D+|+ H.c.) + ∆+|D+〉〈D+|, (4a)
HˆR =(
√
2Ω|R〉〈D−|+H.c.) + ∆−|D−〉〈D−|. (4b)
The dressed states and the corresponding detunings are
|D±〉 = (|S〉±|A〉)/
√
2 and ∆± = ∆±ΩSA. The original
four-level double-∆ model is simplified to two separated
effective two-level sub-systems in the basis {|L〉, |D+〉}
and {|R〉, |D−〉} as shown in Fig. 1(b).
Similarly, when φ = pi, the original four-level double-
∆ model can also be simplified to the two separated ef-
fective two-level sub-systems with the basis {|L〉, |D−〉}
and {|R〉, |D+〉}, respectively, as shown in Fig. 1(c). The
two-level sub-systems for the two chiral ground states
are, respectively, described by Hˆ ′L = (
√
2Ω|L〉〈D−| +
H.c.) +∆−|D−〉〈D−| and Hˆ ′R = (
√
2Ω|R〉〈D+|+H.c.) +
∆+|D+〉〈D+|.
With our simplified models of two-level sub-systems as
shown in Figs. 1(b) and 1(c), the dynamics of the two
chiral ground states are constrained in their own sub-
spaces and are subject to the same coupling strengths but
different detunings. These features clearly demonstrate
the left-right symmetry breaking in the dynamics of chi-
ral molecules. Moveover, by changing the overall phase
φ from 0 to pi, the subspaces for the two sub-systems
change from {|L〉, |D+〉} and {|R〉, |D−〉} to {|L〉, |D−〉}
and {|R〉, |D+〉}, which offers the possibility of converting
one chiral ground state to another. We note that such
a simplification of the original four-level double-∆ model
can also be used to improve the laser-distillation method
for complete enantioconversion [68]. In Ref. [68], specific
issues of laser-distillation method, which are important
but not involved in the original works of laser-distillation
method [56–59], have been discussed. In current work, we
will use such a simplification to propose a very different
method from the laser-distillation method [56–59, 68].
III. COHERENT-OPERATION METHOD
Following these properties, we now present our
coherent-operation method for enantioconversion of a
racemic mixture with each molecule initially depicted by
the density matrix ρˆ0 = (|L〉〈L|+|R〉〈R|)/2. Our method
includes three purely coherent operations. For simplicity,
we assume that the coupling strengths and the detunings
are time-independent in each operation. For the cases of
time-dependent coupling strengths, our method can also
be used for enantioconversion by choosing the appropri-
ate parameters (more details see Appendix B).
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Figure 2. coherent-operation method of enantioconversion
by simplifying the original four-level double-∆ model to two
separated two-level sub-systems and introducing an auxil-
iary state |L′〉. (a,b,c) denote, respectively, the first, second,
and third coherent operations, where the ellipses stand for
the occupied states at the end of each operation in the ini-
tial racemic sample with each molecule described by ρˆ0 =
(|L〉〈L|+ |R〉〈R|)/2. The corresponding evolution of the pop-
ulation in each state is plotted in panel (d). The dashed lines
divide the evolution into three regions labeled with I, II, and
III, which correspond to the operations in panels (a), (b), and
(c), respectively. Here the electromagnetic fields applied in
panels (a) and (c) are respectively similar to those in Fig. 1(b)
[under the condition (9)] and Fig. 1(c) with ∆ = ΩSA [under
the condition (12)]. The other parameters are chosen to be
Ωaux =
√
2Ω and ∆ =
√
6Ω.
In the first coherent operation, we apply three electro-
magnetic fields to realize the simplified four-level model
as shown in Fig. 2(a) with the overall phase φ = 0 [sim-
ilar to Fig. 1(b)]. We aim to achieve that the wanted
chiral ground state |L〉 evolves back to the state |L〉 and
in the meanwhile the unwanted chiral ground state |R〉
is transferred to the dressed state |D−〉 during the first
operation. That is, the initial density matrix of each
molecule, ρˆ0, becomes ρˆ1 = (|L〉〈L| + |D−〉〈D−|)/2 ac-
cordingly.
For this, we assume that the coupling strengths and
the detunings satisfy the following conditions [44]
ΩSA = ∆ =
√
8n2L − 2(2nR + 1)2
2nR + 1
Ω (5)
with integers nL > nR ≥ 0. The operation ends when
the chiral ground state |L〉 evolves back to itself by ex-
periencing integer nL periods of its corresponding Rabi
oscillation. In the meanwhile, the chiral ground state |R〉
experiences half-integer (nR + 1/2) periods of its corre-
sponding on-resonance Rabi oscillation and evolves to the
state |D−〉. Thus, by applying such an operation to the
initial racemic mixture, we can achieve the finial state of
ρˆ1.
4In the second coherent operation, we turn off the
two electromagnetic fields coupling with the transitions
|Q〉 ↔ |S〉 and |Q〉 ↔ |A〉, keep the electromagnetic field
coupling with transition |A〉 ↔ |S〉, and apply an auxil-
iary electromagnetic field to resonantly couple with the
transition between |L〉 and a corresponding auxiliary chi-
ral excited state with the same chirality, |L′〉, as shown
in Fig. 2(b). The working Hamiltonian in the interaction
picture under the rotating-wave approximation
Hˆaux = (Ωaux|L′〉〈L|+H.c.) + 2ΩSA|D+〉〈D+|. (6)
In this case, the wanted chiral ground state |L〉 can
evolve to the axillary chiral excited state of the wanted
chirality |L′〉, e.g. experiencing half-integer periods of
the Rabi oscillation governed by the following effective
on-resonance two-level Hamiltonian (Ωaux|L′〉〈L|+H.c.).
Meanwhile, the dressed state |D−〉 remains unchanged
as indicated by Eq. (6). Thus, at the end of the second
operation, the density matrix of each molecule becomes
ρˆ2 = (|L′〉〈L′|+ |D−〉〈D−|)/2.
In the third coherent operation, we turn off the aux-
iliary electromagnetic field and construct the simplified
four-level model composed of two separated two-level
sub-systems as shown in Fig. 2(c) with the overall phase
φ = pi [similar to Fig. 1(c)] by applying three electro-
magnetic fields. By taking the resonant condition in the
two-level sub-system including the states |L〉 and |D−〉
ΩSA = ∆, (7)
the occupied dressed state |D−〉 can evolve to the wanted
chiral ground state |L〉 by experiencing half-integer pe-
riods of its corresponding on-resonance Rabi oscillation.
Thus, each molecule in the initial chiral mixture is con-
verted to the one with the same chirality through
ρˆ0 =
1
2
(|L〉〈L|+ |R〉〈R|)→ ρˆ3 = 1
2
(|L′〉〈L′|+ |L〉〈L|).
(8)
In Fig. 2(d), we give an example of our coherent-
operation method for converting a racemic sample to an
enantiopure sample of the wanted left-handed chirality
by choosing Ωaux =
√
2Ω and ∆ =
√
6Ω. We note that
in each operation the (effective) coupling strengths can
be chosen independently. Alternatively, when the right-
handed chirality is wanted, we can realize the enantio-
conversion with the similar process as shown in Fig. 2
by replacing the overall phases φ in the first and third
coherent operations with pi and 0, respectively, and re-
placing the auxiliary state |L′〉 by an auxiliary one |R′〉.
Then, each molecule will be finally depicted with ρˆ′3 =
(|R′〉〈R′|+ |R〉〈R|)/2.
IV. FEASIBILITY AND ADVANTAGE OF OUR
METHOD
Now, we have obtained the enantioconversion with our
coherent-operation method by well designing the electro-
magnetic fields at each of the three operations based on
the four-level double-∆ model of chiral molecules. In
our four-level double-∆ model and previous ones of oth-
ers [56–59], the couplings among vibrational, rotational,
and electronic degrees of freedom under field-free con-
ditions and the tunneling between the two enantiomers
are assumed negligible. There are evidences [69–71]
that such an assumption is appropriate for some chiral
molecules and inappropriate for others. For the latter
chiral molecules where the assumption is not appropriate,
the present four-level double-∆ model will be inadequate
to describe their dynamics.
For the chiral molecules where the assumption is ap-
propriate, our method works in the region where the typ-
ical rotational energy spacing (about 2pi× 1GHz) of chi-
ral molecules is much larger than the decoherence rate
(about 2pi × 0.1MHz) in current gas-phase experimental
conditions [46–54]. In such a region, the intensities of
the applied electromagnetic fields can be well chosen so
that the decoherence is negligible compared with the typ-
ical coupling strengths (about 2pi× 10MHz [38, 42]) and
the effect of the (electric-dipole) selection-rule allowed
transitions out of the four-level double-∆ model on the
dynamics of molecules initially prepared in the four-state
Hilbert space is negligible. In addition, we note that the
strengths of chemical bonds also set up limitations for
intensities of the electromagnetic fields and thus hinder
the applications of our method for some chiral molecules.
When the coupling strengths are set as about 2pi ×
10MHz, the time cost of our method will be about 0.1µs.
That means our method will be much faster than the
laser-distillation method [56–59], where the time cost
is mainly determined by the time-consuming relaxation
from the excited achiral states to the chiral ground states.
In current gas-phase experimental conditions [46–54], the
typical relaxation will take more than 10µs. Considering
the requirement of repeated operations, the time cost of
the laser-distillation method [56–59] will be more than
100µs in the gas-phase experimental conditions [46–54].
Accordingly, our coherent-operation method can be three
order faster than the laser-distillation method [56–59] in
the gas-phase experimental conditions [46–54].
The fast feature of our coherent-operation method
can be essential for enantioconversion of chiral mixtures.
For the chiral molecules with short enantiomeric life-
time [60, 61], our coherent-operation method with a time
cost about 0.1µs offers a possible way for enantioconver-
sion, while the laser-distillation method [56–59] may be
unavailable due to the long time cost more than 100µs.
For the chiral molecules with long enantiomeric lifetime,
our method offers an available candidate when the op-
eration time is limited by the experimental conditions.
In current gas-phase experimental conditions [46–54], the
diffusion of chiral molecules in the apparatus gives rise to
a limitation for the operation time, out of which the chiral
molecules will stick to the apparatus walls and lost [62].
We would like to note that our method is not available
for chiral molecules with ultrashort enantiomeric lifetime
and/or small rotational energy spacings. For these chi-
5ral molecules, further methods for enantiodiscrimination,
enantioseparation, and enantioconversion are highly de-
sired [27].
V. CONCLUSIONS
In conclusion, we have proposed theoretically the
coherent-operation method for enantioconversion by sim-
plifying the original four-level double-∆ model to two
separated effective two-level sub-systems. With three
well-designed purely coherent operations, the initial chi-
ral mixture can be converted to an enantiopure sample
of the wanted chirality. Specifically, the initial unwanted
chiral ground state is converted to the wanted chiral
ground state and in the meanwhile the initial wanted
chiral ground state is transferred to the auxiliary chi-
ral excited state of the wanted chirality. Our purely
coherent-operation method can work much faster than
the laser-distillation method [56–59]. This advantage is
essential for the experimental realization of enantiocon-
version when the operation time is limited due to the
short enantiomeric lifetime of the chiral molecules and/or
the experimental conditions.
Besides the limitation in the operation time, there are
other limitations (e.g. phase mismatching due to the spa-
tial distribution of chiral molecules, the Doppler broad-
ening due to the movement of chiral molecules, and the
ability of good control of the electromagnetic fields) hin-
dering experimental efforts to achieve the enantioconver-
sion as well as enantiodiscrimination and enantio-specific
state-transfer based on few-level models. With the de-
velopment of experimental technologies, such as further
cooling the chiral molecules and using more advanced IR
or microwave techniques, the effects of these limitations
can be overcome or suppressed.
ACKNOWLEDGEMENT
This work was supported by the National Key
R&D Program of China grant (2016YFA0301200), the
Natural Science Foundation of China (under Grants
No. 11774024, No. 11534002, No. U1930402 and No.
11947206), and the Science Challenge Project (under
Grant No. TZ2018003).
Appendix A: Rotational sub-levels of the working
states
For the chiral molecules where the couplings among
vibrational, rotational, and electronic degrees of free-
dom under field-free conditions and the tunneling be-
tween the two enantiomers are negligible, the rotations
of molecules can be introduced by considering the rota-
tional sub-levels of the working states as in Sec. II. Usu-
ally, including the rotational sub-levels will challenge the
few-level model due to the magnetic degeneracy and the
small rotational energy spacings [25]. Specifically, other
ro-vibrational transitions out of the few-level model are
usually connected to the working states in the few-level
model. For three-level cyclic models, researchers have
pointed out the effects of these transitions are negligible
by well designing the electromagnetic fields due to the
selection rules of electric-dipole transition and/or large-
detuning approximation [31, 42]. In the following, we
will focus on the similar issue in our four-level double-
∆ models to show the transitions out of our model are
negligible by well designing the electromagnetic fields.
This will eventually protect the validity of the four-level
double-∆ models of chiral molecules where the couplings
among vibrational, rotational, and electronic degrees of
freedom under field-free conditions and the tunneling be-
tween the two enantiomers are negligible. For this pur-
pose, we would like to use HSOH molecule, whose ro-
vibrational spectrum and transition electric dipoles are
accessible [67], as a toy model without considering the
couplings among vibrational, rotational, and electronic
degrees of freedom under field-free conditions and the
tunneling between the two enantiomers [27, 34, 42].
Figure 3. Four-level double-∆ model of HSOH molecule (re-
lated transitions denoted by solid arrowed lines. The ro-
vibrational states denoted by solid line are |L〉 = |0L〉 ⊗
|0000〉, |R〉 = |0R〉 ⊗ |0000〉, |A〉 = |2v−HSOH〉 ⊗ |1010〉, and
|S〉 = |2v+
HSOH
〉 ⊗ (|1101〉 + |110−1〉)/
√
2. The energies of
|Q〉, |S〉, and |A〉 are 0GHz, 2pi × 25493.7135 GHz, and
2pi × 25400.5897 GHz. The transitions denoted by arrowed
lines of the same color are coupled by the same electromag-
netic field. The polarizations of the electromagnetic fields are
denoted by the colors of the arrowed lines (red, Z-polarized),
(blue, Y-polarized), and (black, X-polarized). We also give
the transition dipole in the molecule-frame for each transi-
tion. The transitions with the most possibility to challenge
the four-level double-∆ model denoted by dashed arrowed
lines (|S′〉 = |2v+HSOH〉 ⊗ (|1111〉 + |111−1〉)/
√
2). The energy
of |S′〉 is 2pi× 25493.2718 GHz. They are negligible under the
large-detuning condition.
In Fig. 3, we show the four-level double-∆ model of
HSOH molecule, where the related transitions are de-
6noted by solid arrowed lines. The vibrational sub-levels
for the two achiral states |S〉 and |A〉 are chosen as the
second pair of excited states |2v+HSOH〉 and |2v−HSOH〉 (“±”
denote the parity under the inversion operation) in the
vibrational degrees of freedom τHSOH corresponding to
the chirality of HSOH molecule [67]. The vibrational
energies for the symmetric and asymmetric states are
2pi × 25276.3629GHz and 2pi × 25370.4676GHz [67], re-
spectively. The vibrational energy difference between
them is 2pi × 94.1047GHz. The vibrational sub-levels
of the two chiral ground states are |0L〉 and |0R〉 are
located at the bottoms of the double-well type poten-
tial energy surface for the vibrational degrees of free-
dom τHSOH, respectively. When the molecular rota-
tions are considered, we have |L〉 = |0L〉 ⊗ |JkakcM =
0000〉, |R〉 = |0R〉 ⊗ |0000〉, |A〉 = |2v−HSOH〉 ⊗ |1010〉,
and |S〉 = |2v+HSOH〉 ⊗ (|1101〉 + |110−1〉)/
√
2 with the
|JkakcM〉 notation [31, 42]. Accordingly, the transitions
|Q〉 ↔ |S〉, |Q〉 ↔ |A〉, and |A〉 ↔ |S〉 are c-type,
a-type, and b-type [31, 42] with the transition electric
dipoles in the molecule-fixed frame as |µc| = 0.135Debye,
|µa| = 0.034Debye, and |µb| = 0.698Debye [67]. The ro-
tational constants are A = 2pi×202.0687GHz, B = 2pi×
15.2819GHz, and C = 2pi× 14.8402GHz [67]. The ener-
gies of |Q〉, |S〉, and |A〉 are 0GHz, 2pi×25493.7135GHz,
and 2pi×25400.5897GHz. We note that the state |S〉 has
higher energy than |A〉 due to the contribution of rota-
tional energies, which is different from the case in our
main text where |S〉 has lower energy than |A〉. But this
difference will not change the results of our enantiocon-
version.
Usually, the magnetic degeneracy may challenge the
feasibility of the four-level ∆ model. Here, we avoid this
problem by appropriately choosing the polarizations of
our three applied electromagnetic fields according to the
selection rules of electric-dipole transition. The polar-
izations are denoted by the colors of the arrowed lines
in Fig. 3 with red for Z-polarized, blue for Y-polarized,
and black for X-polarized. More details can be found
in Refs. [31, 42]. The three electromagnetic fields are
nearly-resonantly or resonantly coupled to the chosen
transitions (denoted by solid arrowed lines) in Fig. 3. In
our main text, we require that the coupling strength of
each transition is about 2pi×10MHz. Compared with the
coupling strength, the typical decoherence rate (about
2pi × 0.1MHz) in current gas-phase experimental condi-
tions [46–54] is negligible. For the transitions |Q〉 ↔ |S〉,
the required IR field should have the intensity about
10W/cm2. For the transitions |Q〉 ↔ |A〉, the required
IR field should have the intensity about 100W/cm2. For
the transition |A〉 ↔ |S〉, the required microwave field
should have the intensity about 0.2W/cm2. These in-
tensities of IR and microwave fields are experimentally
available [42].
There are still other (electric-dipole) selection-rule al-
lowed transitions may challenge the four-level double-∆
model due to the other ro-vibrational states whose en-
ergies are close to the chosen four states. These transi-
tions are negligible under the large-detuning condition.
In Fig. 3, we give the transitions with most possibility
to challenge our four-level double-∆ model (denoted by
dashed arrowed lines). The microwave field correspond-
ing to the transition |A〉 ↔ |S〉 can couple with the c-
type transition |A〉 ↔ |S′〉 with |µ′c| = 1.297Debye [67]
and |S′〉 = |2v+HSOH〉 ⊗ (|1111〉 + |111−1〉)/
√
2. The en-
ergy of |S′〉 is 2pi × 25493.2718GHz. The energy dif-
ference between |S〉 and |S′〉 is 2pi × 441.7MHz. Since
we require the transition |A〉 ↔ |S〉 is coupled res-
onantly, the corresponding detuning of the transition
|A〉 ↔ |S′〉 is 2pi× 441.7MHz. Under the required inten-
sity about 0.2W/cm2, the coupling strength of the tran-
sition |A〉 ↔ |S′〉 is about 2pi × 50MHz, which is much
smaller than the corresponding detuning 2pi×441.7MHz.
Thus, the transition |A〉 ↔ |S′〉 is negligible.
The IR field corresponding to the transitions |Q〉 ↔ |S〉
can couple with the b-type transitions |Q〉 ↔ |S′〉 with
|µ′b| = 0.039Debye [67]. Under the required intensity
about 10W/cm2, the coupling strengths of the transi-
tions |Q〉 ↔ |S′〉 are about 2pi × 1MHz. The corre-
sponding detuning of the transitions |Q〉 ↔ |S′〉 are
about 2pi × 441.7MHz, which is much larger than the
corresponding coupling strength. Thus, the transitions
|Q〉 ↔ |S′〉 are negligible.
We note that the working states should be chosen ap-
propriately. For an example, if we take the |S′〉 as the
working states in Fig. 3 instead of |S〉 to construct an
alternative four-level double-∆ model for enantioconver-
sion, it is unavailable to ensure the decoherence negligi-
ble and the large-detuning limit, simultaneously. Specif-
ically, when the transition |Q〉 ↔ |S′〉 in the alternative
four-level double-∆ model is coupled with the driven field
at the strength of 2pi × 10MHz to make the decoher-
ence negligible, the corresponding coupling strength for
the transition |Q〉 ↔ |S〉 out of the alternative four-level
double-∆ model driving by the same field will be of or-
der of 2pi × 100MHz. The transition |A〉 ↔ |S〉 out of
the alternative four-level double-∆ model with the de-
tuning 2pi × 441.7MHz can not be neglected, since the
large-detuning limit is not satisfied.
Appendix B: Enantioconversion with
time-dependent models
In the main text, we assume the time-independent
model in each of our coherent operations. In practice, it
takes time for the applied electromagnetic fields to reach
their required intensities. That is, the envelope of the
laser field is time dependent. In this section, we will
show our method can still work in the time-dependent
case.
We can first turn on the electromagnetic field coupling
the transition |A〉 ↔ |S〉 and maintain its intensity such
that ΩSA = −∆ > 0 before finishing all of our operations.
In the first operation with time duration from t0 to t1,
we apply the other two optical fields corresponding to
7Ω (= ΩLS = ΩLA). The evolution matrices of the two
initial chiral ground states are
UL ≡ T
∫ t1
t0
e−i[
√
2Ω(t)σL
x
+∆(IL
0
+σL
z
)]dt
UR ≡ T
∫ t1
t0
e−i
√
2Ω(t)σR
x dt. (B1)
Here, σQx,y,z are the 2 × 2 pauli matrices and IQ0 is the
2 × 2 unit matrix in the corresponding basis of the two
chiral ground state {|L〉, |D+〉} and {|R〉, |D−〉}.
The area of the pulses corresponding to transitions
|Q〉 ↔ |A〉 and |Q〉 ↔ |S〉 should be specified as
∫ t1
t0
√
2Ω(t)dt = (2l + 1)
pi
2
(B2)
with integer l, so that UR = ±σRx and the right-handed
chiral ground state is transferred to upper-level (|D−〉) of
its corresponding two-level system. By tuning the (time-
independent) parameter ∆, the left-handed chiral ground
state can (approximately) evolve back to itself (more in-
formation can be found in Ref. [68]).
In the second and third step, the working (effective)
two-level models are on resonance. The area of the (ef-
fective) coupling strengths should be (2l + 1)pi/2, which
can also be obtained when the working models are time-
dependent. In addition, we note that the envelope of each
laser field should change much slowly comparing with its
corresponding transition frequency and rotational energy
spacings. In this way, each laser field will only couple
with its corresponding transition and the rotating-wave
approximation is valid.
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